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ABSTRACT Green-lip mussel Pema canaliculus spat (15 to 30 mm length) in the outer Marlborough 
Sounds, New Zealand, suffered 50 to 100% mortality during January to April 1994 (summer/autumn) 
following thinning and reseeding of the mussel lines by farmers. Adult mussel mortalities of 2 to 5 % 
continued from February to early May 1994. Histological examination showed extensive haemocytosis 
and multifocal liquefaction necrosis of interstitial cells, basal cells and digestive tubule epithelial cells. 
Sloughed pyknotic or karyolytic digestive tubule epithelial cells formed characteristic rounded granu-
lar bodies 10 to 15 µm diameter both in digestive tubules and free in lesions . No viral inclusion bodies 
were observed. Ultrastructural examination showed highly modified rough endoplasmic reticulum 
associated with small, 25 to 45 nm diameter, electron-de nse uncoated virus-like particles Identical cell 
damage and virus-like particles were subsequently found in monbund adult (75 to 110 mm length) 
P canaliculus and stunted (25 to 4 7 mm length) subt1dal Mvtilus galloprovincialis from the same area. 
Following punfication of extracts of the moribund spat by isopycnic centrifugation in CsCJ, large 
numbers of 25 nm diameter, unenveloped, virus particles were seen by electron microscopy. These 
particles had a density of 1.364 g cm- 3 A broad band at a density l'Xpected for enveloped particles 
(1.21to1.24 g cm 1) was also observed but contained few virus-like particles. Cell damage and mussel 
mortalities are thus likely due to a small unenveloped virus. 
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INTRODUCTION 
The aquaculture of green-lip mussels Perna canali-
culus is an important industry in New Zealand. Pro-
duction is centred on the Marlborough Sounds (Fig. 1) 
and in 1993 reached 4 7 000 t, worth in excess of 
NZ$ 55 million free on board (F.O.B.). Though there 
have been no recorded disease outbreaks in New 
Zealand mussel farms there has been an ongoing prob-
lem with high post-settlement spat mortalities. Envi-
ronmental factors, resulting in starvation, have been 
blamed for the losses (Jenkins et al. 1985, Hayden 
1987, Buchanan 1994). 
In January and February 1994 (summer) mussel 
farmers in the outer Marlborough Sounds carried out 
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routine thinning and reseeding of the mussel lines. 
Approximately 2 wk post reseeding, farmers examining 
mussel lines noticed that much of the reseeded spat 
were dead or moribund. Mortalities continued into 
March 1994 when samples of spat and adult mussels 
from affected farms were sent to the Ministry of Agri-
culture and Fisheries (MAF) for examination. By that 
time, farms in the affected area had lost between 50 
and 100 % of their reseeded spat but no pattern could 
be discerned in mortalities either between or within 
affected farms (P. Lupi, NZ Mussel Industry Council, 
pers. comm.). Mortalities ceased by early May, but 
occurred again 2 wk post reseeding in November 1994. 
Histological examination confirmed spat were not 
starving though they presented extensive haemocytosis 
and multifocal liquefaction necrosis of interstitial cells, 
basal cells and digestive tubule epithelial cells. 
Sloughed pyknotic or karyolytic digestive tubule 
epithelial cells formed characteristic rounded granular 
bodies 10 to 15 µm diameter both in digestive tubules 
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Fig. 1. Location of the affected areas in Marlborough Sounds. 
Insert: position of Marlborough Sounds in relation to sam- 
pling sites at Westport and Wellington 
and free in lesions. Ultrastructural examination 
revealed that cell damage was associated with the pres- 
ence of small virus-like particles. This paper describes 
the histology and ultrastructural pathology associated 
with these particles and the isolation of large numbers 
of virus particles from these affected mussels. 
MATERIALS AND METHODS 
Between 10 and 30 spat (15 to 30 mm in length) 
of Perna canaliculus were examined from individual 
mussel ropes in Hallam Cove (n = 30), Forsythe Bay 
(n = 70) and Crail Bay (n  = 10) (Marlborough Sounds; 
Fig. 1.) on 1 March 1994 Adult mussels (75 to 110 mm 
in length) were obtained from the same sites on 9 
March 1994 (n = 298), and a further sample of dying 
mussels (56 to 109 mm) from Port Underwood on 1 
May 1994 (n = 49). Stunted but otherwise apparently 
healthy blue mussels Mytilus galloprov~ncialis (25 to 
47 mm in length) were obtained from the inlet pipe at 
the NZ Oysters Hatchery in Queen Charlotte Sound, 
Marlborough Sounds, on 27 June 1994 (n = 7). Inter- 
tidal adult M. yalloprovinclalis (35 to 56 mm in length) 
(n = 10) were obtained on 2 June 1994 from Evans Bay, 
Wellington Harbour, for use as a control. 
A set of 7 green-lip Perna canaliculus and 7 blue 
Mytilus galloprovincialis mussel slides from the MAF 
Fisheries parasitology slide coll.ection, made from 
moribund shellfish collected at  Westport in March 
1990, were also re-exa.mined. The mussels had been 
sampled from intertidal rocks near Westport on the 
west coast of South Island, New Zealand. The mussels 
were reported to be gaping and extensive patches of 
recently dead mussels, identified by traces of necrotic 
tissue within the valves, were present. Electron micro- 
scope grids prepared in 1991 from green-lip mussel 
spat collected in the Marlborough Sounds, probably at  
Beatrix Bay, in April 1991 were also re-examined. 
For light microscopy, a slice of mussel tissue was taken 
through the mantle-digestive gland, fixed in Davidson's 
fluid, embedded in wax, sectioned at 3 pm, and stained 
with haematoxylin and eosin or Feulgen stain. For elec- 
tron microscopy, small pieces of digestive diverticulum 
were fixed in 2.5 % glutaraldehyde in filtered (0.22 pm) 
seawater tor 1 to 2 h, post-fixed in 1% Os04 ( ~ n  0.1 M 
sodium cacodylate buffer) for l h, washed, dehydrated in 
ascending (50 to 100 %) ethanol series, followed by two 
10 min changes in propylene oxide, and embedded in 
epoxy resin. Sections were stained with 5% uranyl 
acetate for 10 min, 5 % lead citrate for 5 min, and exam- 
ined with a Philips 420ST electron microscope. 
For partial purification of virus, whole 15 to 25 mm 
spat were macerated in a commercial mincer in 0.02 M 
phosphate buffer, pH 7.2, containing 0.85% NaCl 
phosphate-buffered saline (PBS). Following filtration 
through muslin and a low speed spin to remove debris, 
polyethylene glycol (MW 6000, BDH, Poole, England) 
was added to 10% (w/v) and NaCl to 0.5 M. After 
standing for 1 h,  the extract was spun at low speed and 
the resultant pellet resuspen.d.ed in PBS to approxi- 
mately one-quarter of the original volume. After 2 low- 
speed clarification spins, the supernatant was cen- 
trifuged at 52 000 X g for 220 min in a Beckman Type 
30 rotor. The pellets were resuspended in a total 
volume of 10 m1 of PBS, given a low-speed clarification 
spin, and centrifuged at 7 1 000 X g for 60 min in a half- 
filled tube in a Beckman Type 40 rotor. The pellet was 
resuspended in 1 m1 0.1 M phosphate buffer, pH 7.2. 
Isopycnic centrifugation in CsCl was performed in 
0.1 M phosphate buffer, pH 7.2 and the density of the 
virus band estimated as described by Scotti (1985). The 
gradients were fractionated by gently inserting a metal 
cannula to the bottom of the tube and then collecting 
equa.1 volume fractions using a peristaltic pump (LKB 
2120 Varioperpex 11, LKB Produkter, Sweden). Absor- 
bance was monitored at a wavelength of 254 nm using 
an LKB flat-bed potentiometer linked to an LKB UVI- 
CORD. Fractions containing the virus were removed, di- 
luted in 0.1 M phosphate buffer and centrifuged at 
7 1 000 X g for 90 min in a half-filled tube in a Beckman 
Type 40 rotor. The virus pellet was resuspended in a 
small volume of phosphate buffer and examined by elec- 
tron microscopy with a Jem 1200EXII (JEOL, Japan) 
after staining with 2 % phosphotungstic acid, pH 7.0. 
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RESULTS 
Histology 
Examination of sectioned Perna canal~culus spat 
from Marlborough Sounds revealed extensive haemo- 
cyte infiltration of the digestive gland coilnect~ve tlssue 
and the occurrence of multifocal progressive l ~ q u e -  
faction necrosis of the digestive gland ~nterstitial cells 
and the digestive tubule basal and eplthelial cells. No 
flbrous reaction to the abscesses was observed. The 
penacinar zone of affected d~gestive diverticula pre- 
sented acute cell swelling with cytolysis and sloughing 
of epithelia1 cells ~ n t o  the lumen. Sloughed cells were 
pyknotic or karyolytic and forined characterlst~c 
rounded granular bodies 10 to 15 pm diameter within 
the lumen of the digestive tubules and In lesions 
(Flgs 2 & 3).  No v ~ r a l  inclusion bodies were seen and 
Feulgen staining showed no abnormal DNA accumula- 
tions 
Figs. 2 to 5. Pema canaliculus. Fig. 2. Digestlve diverhcula showing leslons (Le) and sloughed digeshve diverticula epithelial cells 
(arrows). H&E, x395. Fig. 3. Basophilic cell remains showing chromatin aggregation in nucleus (Nu), llpid droplets (Li) and pro- 
liferation of endoplasmlc reticulum (ER) throughout the cell ~ 5 8 0 0 0 .  Fig. 4 Basophilic cell Detail of proliferating ER showlng 
ribosome-like bodies, denser staining virus-l~ke particles (arrows) and swollen cisternae (Cl) x 150 000 Fig. 5. Basophlllc cell 
showing swelling and rupture of the ER cisternae (Cl) (lower nght). Virus-hke particles occur In the cytoplasm and along the 
membrane fragments (arrows] x 89 000 
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Sectlons through the digestive gland of both Perna 
candliculus and Mr.t~lus gdlloprol~lnciahs from West- 
port presented the same lesions with associated 10 to 
15 pm rounded sloughed cel.1~ and haemocytic ~ n f ~ l -  
trale which were characteristic of the mor~bund Marl- 
borough Sounds mussels. 
sloughed necrotic digestive cells containing a pyknotic 
or karyolybc nucleus and large numbers of lipid droplets, 
empty vacuoles and residual bodes. Within the digestive 
gland epithehal layer, all 3 cell types [digestive cells and 
basophilic cells (types J and I1 of Thompson et al. 1974)] 
were affected Cells presented clusters of membrane- 
bound and free poiyribosomes often in the vicirrity of the 
nucleus. The clsternae of the endoplasmic reticulum (ER) 
was dilated, but without disaggregation of ribosomes, 
compressing the cytoplasm so that cells were highly 
vacuolar m appearance. This was particularly evident in 
Ultrastructural examination 
Ultrastructural examination of Perna canal1cu1us spat 
showed that the 10 to 15 pm diameter cells were 
F ~ g s  6 to 8. Perna canaliculus. Digestive cell showing 
degeneration of ER and sweuing and rupture of the cisternae 
(Cl) w ~ t h  compression of cytoplasmic contents; ~ 7 2 5 0 0 .  
Fig 7 Basophillc cell showing disruption of the ER and 
formation of microsome precursors (MS]. Virus-like particles 
occur in the cytoplasm (arrows); x62 000. Rg. Digestive cell 
showng detail of m~crosome containing virus-like particles. 
X 152 000 
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the In with extensive Fig. 9. Perna canaliculus. Virus particles isolated by isopycnic gradient centrifu- 
microsome virus- gation in CsCl from moribund spat. Scale bar = 100 nm; inset shows particles at 
like particles occurred within the higher magnification 
microsome cisternae, apparently by 
budding through the double membrane fragment of cell have been identified, a non-flagellate basophilic 
(Fig. 7), so that clusters of particles were within a double cell, a flagellate basophilic cell (basophilic cells types I 
membrane (Fig. 8). Their function is unclear. No occlu- and I1 of Thompson et al. 1974) and a digestive cell. 
sion bodies or paracrystalline arrays were found. The effects on Mytilus digestive gland of starvation 
The same pathology and associated virus-like par- and stress (Thompson et al. 1974), toxic hydrocarbons 
ticles were found in the 1991 sample of Perna canali- (Lowe et al. 1981, Moore & Clarke 1982, Nott & Moore 
culus spat from Beatrix Bay and in Mytilus gallo- 1987) and toxic algae (Parry et  al. 1989) have been 
provincialis from the oyster hatchery pipe in Queen described but the pathology observed in the New Zea- 
Charlotte Sound. The M. galloprovincialis material land l? canaliculus and M. galloprovincialis samples 
from Wellington Harbour showed normal cell ultra- was not consistent with those studies. Environmental 
structure, and was usedas  a control. causes for the observed mortalities were therefore 
In purified extracts of spat, a light-scattering band discounted. 
was seen after isopycnic centrifugation in CsCl. The The histopathology seen in affected mussels is simi- 
UV-absorbing peak was estimated to be at 1.364 g lar to the haemocyte infiltration and connective tissue 
c m 3 .  Electron microscope (EM) examination of the necrosis seen in the digestive diverticulum of Ostrea 
peak fraction revealed numerous unenveloped virus edulis infected with Tellina virus (an IPN-like reovirus) 
particles about 25 nm in diameter (Fig. 9). A broad (Hill & Alderman 1979). Iridovirus-infected Crassostrea 
light-scattering band was also observed at densities angulata develop large globular cells 30 to 40 pm 
from 1.21 to 1.24 g cma3 but no enveloped or un- diameter in necrotic gill tissues. These hypertrophied 
enveloped particles were seen in subsequent EM cells were first considered to be a stage in the life cycle 
examination. of a protozoan and were named Thanatostrea poly- 
morpha (Comps & Duthoit 1976, 1979, Comps 1978). 
The exfoliated digestive cells we observed in Perna 
DISCUSSION canaliculus also had the general appearance of a pro- 
tozoan (Fig. 2). 
The histology and ultrastructure of the digestive There is 1 record of virus-associated mortalities in 
gland of Mytilus galloprovincialis and Perna canali- New Zealand shellfish. Hine et al. (1992) described 
culus is typical of the digestive gland described for a herpes-like virus associated with hatchery-reared 
several species of bivalve mollusc (Pal 1971, 1972, larval Pacific oysters Crassostrea gigas. An apparently 
Thompson et al. 1974, Mix et  al. 1979, Henry 1984a, b, identical herpes-like virus also occurs in hatchery- 
Henry et al. 1991). At the ultrastructural level, 3 types reared Tiostrea lutaria spat raised at  elevated temper- 
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atures (J B. Jones pers. obs.). No evidence of herpes- 
like virus was seen in the mussel samples examined in 
this study. 
The cellular changes observed here show a pattern 
of proliferation of ribosomes along the ER and around 
the nuclear envelope. Single electron-dense ribosome- 
like particles are common in the cytoplasm, yet nbo- 
somes rarely occur as single particles but are aggre- 
gated into polyribosomes of varying sizes (Fenner 
1968). The association of electron-dense particles with 
the rough ER, which swells forming large vacuoles 
before rupturing and forming microsomes, is consis- 
tent with a viral infection. Changes to, and prolifera- 
tion of, membranous structures resembling ER and 
resulting from small RNA virus infection have been 
reported by Daies j1965), Kim & Boatman (196f), 
Merkow et al. (1970). Patrizi & Middelkamp (1970), 
Yudin & Clark (1979) and Couch (1989). The strong 
positive staining with lead citrate is also characteristic 
of RNA (Hayat 1975). 
Mix et al. (1979) studied hypertrophied Mytilus edulis 
granulocytes from Oregon, USA, which characterised 
a putative neoplastic disease. They reported that the 
large cells (15 pm diameter) present throughout the 
vesicular connective tissue were associated with pleo- 
morphic, polymorphic nuclei, altered Golgi, mitochon- 
drial crystalline inclusions and abundant free 'ribo- 
somes'. Lowe & Moore (1978) described similar large 
cells from M. edulis at Plymouth, U K .  Mix et al. (1979) 
concluded that though the cells possessed many prop- 
erties characteristic of certain malignant vertebrate 
cells, the cause of the presumptive neoplastic disorder 
was unknown. A picorna-like virus has been found 
associated with granulocytomas in Danish M. edulis. 
The 27 nm virus particles form paracrystalline arrays 
and the mitochondria of affected areas often contain 
non-viral associated crystalline inclusions (Rasmussen 
1986, Bower & Figueras 1989). The absence of mito- 
chondnal inclusions and arrays and the characteristic 
proliferation of ER suggests that the New Zealand 
virus may be different from that reported in Denmark. 
The 1994 mortalities occurred approximately 2 wk 
after reseeding of the mussel lines in January 1994 and 
again about 2 wk after reseeding in November 1994, 
a process which causes considerable stress for the 
mussel spat, leaving a permanent growth 'check' on 
the shell (J. B. Jones pers. obs.]. Mortalities among 
older mussels were less noticeable, affecting 2 to 5 % of 
mussels from the outer Sounds, and occurred 1.ater than 
for spat, in March through to early May. This is a 
period when the condition factor of Perna canaliculus 
in the Sounds is high although water temperatures 
have started to fall from a February (summer) high of 
ca 19°C to an August low of ca 10°C (Jenkins et al. 
1985). Mortalities among larger mussels would prob- 
ably have gone unreported were it not for the loss of 
much of the reseeded spat in 1994. It is also possible 
that the onset of the mortalities 2 wk after rough han- 
dling is due to the accumulation of lactate in mussels 
following stress-induced anaerobic respiration. Some 
small RNA viruses are known to be associated with 
lactate pathways and the production of large numbers 
of double membrane vesicles (Plagemann & Moenig 
1992). 
The presence of the virus in Sounds mussels in Jan- 
uary to April, the histopathology suggestive of the 
virus in Westport mussels from April 1990, and the 
heavy mortalities of local Sounds summer spatfall since 
the early 1980s (Jenkins et al. 1985) suggest that the 
virus has been present in the Sounds for many years 
and has escaped detection due to its small size and 
lack of paracrystalline arrays. Large numbers of virus 
particles were only seen after concentrating and puri- 
fying extracts made from 300 g of whole spat. 
Similar histological and ultrastructural changes were 
seen in local scallops Pecten novaezelandiae, which 
have suffered periodic mass mortalities of unknown 
aetiology since at least the 1960s (J. B. Jones pers. 
obs.). We therefore suggest that this group of viruses 
may prove to be common shellfish pathogens and that 
the neoplastic granulocytes reported by Lowe & Moore 
(1978) and Mix et al. (1979) deserve further ultra- 
structural examination. Further work on the detailed 
properties and occurrence of this virus is under way. 
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